The interaction of Methylene Blue (MB) with chondroitin-4-sulfate (CHS) has been investigated using spectroscopic techniques, including UV-Vis absorption, Rayleigh resonance scattering (RRS), and circular dichroism (CD). The addition of CHS caused a decrease in the absorbance of MB at 664 nm with a new absorption band appearing at 570 nm, enhanced RRS at 314 nm and 560 nm, and also resulted in an intense CD signal at 568 nm. The Scatchard model has been applied to calculating the binding constant and the number of binding sites. The calculated parameters are consistent with the experimental results. The factors affecting the interaction were investigated. Quantitative spectroscopic methods were developed for the first time. They are based on the fact that a decrease in the absorption at 664 nm and an enhancement of the RRS intensity at 314 nm are proportional to the concentration of CHS added in a certain range. Satisfactory results were obtained on the determination of synthetic samples.
Introduction
Chondroitin 4-sulfate (CHS) is one important member of the glycosaminoglycans (GAGs) family, existing in many tissues as side chains of proteoglycans. The repeating disaccharide unit of CHS, which has 2.0 negative charges, is composed of copoly (β-glucuronic acid-[1→3]-N-acetyl-β-D-galactosamine-4-sulfate-[1→4]). It has been discovered that chondroitin sulfate is of many functions, including restricting the immune response, decreasing the deposition of local cholesterol to resist atheroma, and treating rheumatic, arthritis, neuralgia and lumbago.
GAGs have been drawing even more attention due to their particular biological properties in recent years, [1] [2] [3] [4] [5] [6] and a dyebinding assay has been commonly used in their determination. However, most efforts have been made to investigate the binding of dyes with heparin. [7] [8] [9] [10] [11] [12] [13] [14] Binding studies of dyes with chondroitin have been much fewer and a profound investigation is necessary to elucidate the interaction. The main techniques involved in studying the interaction between dye and CHS [15] [16] [17] [18] [19] were absorption spectroscopy and conductometric titration for the sake of sensitivity and convenience. Most work particularly emphasizes qualitative aspects, and much has to be done on the mechanism. Furthermore, no quantitative methods have been reported. Further study on this important member of GAGs should be beneficial with regard to an insight understanding of the interaction between GAGs and small species as well as the quantitative analysis of GAGs.
The purpose of the present work was to study the interaction between CHS and Methylene Blue (MB), a cationic dye, which is often used as a biological staining reagent. The mechanism of the interaction was considered, and the Scatchard model was applied to a dye-GAGs study. Convenient and sensitive quantitative methods, including UV-Vis and RRS, were established for CHS determination for the first time, with which no heating, centrifugation, long reaction time or sophisticated instrumentation is required.
Experimental

Apparatus
A Hitachi UV-3010 spectrophotometer (Tokyo) was used to record the absorption spectra and to measure the absorbance (a quartz cell with a path length of 1 cm if not mentioned), a Hitachi FL-4500 spectrofluorometer (Tokyo) for recording the light-scattering spectra and measuring the intensity at a given wavelength (PMT voltage, 700 V; slit (Ex/Em), 2.5 nm/2.5 nm). CD spectra were measured at 20˚C using a Jobin-Yuon CD-6 spectropolarimeter equipped with a quartz cell having a path length of 1 cm. A 821 Digital Model (Zhongshan University, China) pH meter was used for adjusting the pH.
Reagents
Chondroitin 4-sulfate (CHS, Sigma) was used without further purification. A stock solution (1.0 × 10 -3 mol/L) was prepared by dissolving CHS in doubly deionized water, which was stable for several weeks when kept in the dark at 4˚C.
Methylene Blue (MB) was obtained from Shanghai (China) and an aqueous solution (2.0 × 10 -4 mol/L) was prepared by dissolving the dye in doubly deionized water and kept in the dark.
Britton-Robinson buffer was used to adjust the pH values of test solutions.
All other reagents used were of analytical reagent grade without further purification, and doubly deionized water was used throughout.
General procedures
A certain volume of MB solution was transferred into several 10 ml test tubes, and different amounts of CHS solutions were added. The mixture was diluted to scale with doubly deionized water. Then spectra or absorbance or intensity of these samples were measured. Figure 1 shows the absorption spectra of MB in solution. When the concentration was low, MB showed an absorption band at 664 nm.
Results and Discussion
Spectroscopic characteristics
However, with an increase of the concentration, a new peak at 614 nm appeared, which referred to the aggregation of MB. As reported by Antonov et al., 20 aggregation is one of the features of dyes in solution, and monomer-dimer equilibrium exists in the range of 10 -3 -10 -6 mol/L.
As shown in Fig. 2 , with the addition of increasing amounts of CHS, the absorbance of MB at 664 nm and 614 nm gradually decreased, and a new blue-shifted band appeared at 570 nm, with an isobestic point appearing at 589 nm. The decrease in the absorbance at 664 nm was proportional to the concentration of CHS in solution, providing a basis for the quantitative determination of CHS by MB. The spectral changes indicate that CHS had interacted with MB molecules. Because there were 2.0 negative charges in each repeating disaccharide unit of CHS and MB was cationic under the study conditions, electrostatic forces might have been involved in the interaction as driving forces.
Besides the absorption spectra, the RRS spectra were recorded by synchronous scanning. As shown in Fig. 3 , though the scattering intensity was weak for both the dye and CHS alone, the intensity was greatly enhanced after these two entities were mixed, with new peaks appearing at 314 nm and 560 nm. The enhancement of the intensity is ascribed to an enhancement of the coplanarity and rigidity, as well as the aggregation of chromophores of the dye molecules on GAGs. 13 The CD spectra were also recorded (Fig. 4) , and no signal was obtained for MB or CHS. However, an intense CD signal at 568 nm was induced when mixing MB and CHS together, which suggests a long-range organization of the dye molecules. It is suggested that the conformation of GAGs is induced to change from a random coil form to helical one by binding to dye molecules. A helical arrangement of the achiral dye molecules on the helical backbone of GAGs led to the chirality of MB aggregates and induced a strong CD signal of MB. 4 All of these spectral observations proved that positively charged MB had interacted with negatively charged CHS through the aggregation of the MB on the CHS molecular surface.
Stoichiometry studies
The stoichiometry of CHS-MB was obtained by spectrophotometric titration and MacIntosh extraction methods according to the literature. 4 As Fig. 5 illustrated, the ratio of the dye to CHS was about 1.93 and 1.79 by both methods, with an average ratio of 1.86. As reported in the literature, each repetitive disaccharides unit of CHS possessed 2.0 negative charges. We thus suggest that the MB molecule is bound to each repetitive disaccharides unit of CHS in the monomeric form.
Interaction model
In treating of the interactions of small ions or molecules with biomacromolecules in solution, the Scatchard equation was considered to be basic. 21 In this study, we attempted to apply it to investigate the interaction of dye with GAGs.
As can be seen from Fig. 1 , when the concentration of MB was low, the main form in the solution was monomer. With the concentration increased, obvious aggregation was observed, suggesting that more dimers existed in the solution. In this part of the study, a quartz cell was used with a path length of 0.5 cm. A plot of the absorbance (Abs) at 664 nm vs. MB concentration shows that the point of intersection appears at 3.0 × 10 -5 mol/L (Fig. 6) .
Defining εm as the molar absorptivity of monomer, and εd as the molar absorptivity of dimer, 
The absorbance of the MB at 664 nm before adding CHS is:
where
Defining K as the dimeric constant,
Because the activity coefficient is not known for the species of MB, we used the value of the concentration instead of that of the activity. Thus, the K value obtained here is apparent constant and is only an estimation of the constant. In this study, the value of K is in the range of (0.45 -2.4) × 10 4 L/mol.
To make the model simpler, we used two concepts of free and bound MB in the reasoning process, in which both the monomer and the dimer are involved. Also, the ratio between the monomer and the dimer does not need to be considered.
Defining 
The absorbance of the MB-CHS mixture is
where εm and εd stand for the molar absorptivities of the monomer and the dimer of free dye, εm′ and εd′ for the monomer and dimer of bound dye, ε and ε′ for the total free and bound dye, respectively, which are constants when the pH and the measuring wavelength are fixed.
If we let ∆ε =ε -ε′, then [L′] = (εCL -A)/∆ε, (11) [L] = (A -ε′CL)/∆ε.
We define Cx as the concentration of CHS added, n and N as the average and maximum number of binding sites per disaccharide unit, respectively, K as the intrinsic binding constant.
Initially (1) For the decreasing peaks at 664 nm and 614 nm, therefore,
(2) For the increasing peak at 570 nm,
As Scatchard equation illustrates,
A plot of (n/[L]) vs. n is drawn. Also K, N can be obtained from the slope (-K) and intercept (NK) of the regression line. The results at 664 nm, 614 nm and 570 nm are given in Table 1 . The intrinsic constant is found to be 1.99 × 10 6 , while the average maximum binding number is 2.0. It can be seen that this result is close to 1.9 obtained by spectrophotometric titration and MacIntosh extraction methods, suggesting that the Scatchard model is proper for a dye-GAGs study.
Optimization of the reaction conditions
Several factors that may affect the determination were investigated. The pH in the range from 2 to 11 shows no significant effect on the spectra and absorbance (data not shown).
The dependency of the MB-CHS system on the ionic strength is shown in Fig. 7 . With increasing concentration of NaCl, the absorbance was found to increase at 664 nm and 614 nm, while the absorbance declined at 570 nm, indicating that Na + competes with the dye on the polyanionic sites of acid polysaccharides. Schoenberg and Moore studied the CHSToluidine Blue systems and found, with increasing ionic strength, the degree of binding of CHS to toluidine tended to decrease. 17 Also, in a study of Alcian Blue, a conclusion was reached that "a critical salt concentration" was required to dissociate the complex. 15 As shown in Fig. 8 , at the constant concentration of MB and CHS and with an increasing amount ethanol, the absorbance at 664 nm and 614 nm increases, while that at 570 nm gradually decreases, which indicates dissociation between the dye and polysaccharide. It is possible that factors other than an electrostatic interaction are also involved in the binding. As Pal and Chaudhuri suggested, the dye molecules were binding with glycosaminoglycans by an electrostatic force at the first stage, and then underwent polymerization due to hydrophobic bonds or other dye-dye bonds, which was the main reason for the spectra change. 16 In this study, reactions at 15˚C, 30˚C, 45˚C were evaluated at a constant concentration of MB and CHS. As Fig. 9 shows,
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ANALYTICAL SCIENCES MARCH 2004, VOL. 20 with an increase of the temperature, the aggregation decreased and more dye molecules existed in the solution as the monomeric form. 20 However, no obvious difference of the reaction was observed at a lower concentration of CHS. Only at a higher concentration could a higher temperature lead to an obvious destruction of the MB-CHS. 17 For convenience, all other experiments were conducted at room temperature in our study.
The influence of time was also investigated at a constant concentration of MB and CHS. The reaction occurs rapidly at room temperature and the absorbance remains stable during the entire determination process (data not shown). That is, no crucial timing is required for this assay.
Analytical parameters
When CHS was gradually added to MB solutions, the absorbance decreased linearly at 664 nm and the light-scattering intensity at 314 nm was enhanced linearly in a range (see Figs.  2 and 3) . The assay methods for CHS have been established and the analytical parameters are listed in Table 2 . The UV-Vis method can be used for the determination of a higher concentration of CHS. The lower limit of detection of the RRS method shows a higher sensitivity.
Influence of foreign substances
To study the potential interference of various substances with the determination for CHS, metal ions, sugars, amino acids and protein were tested at a constant concentration of CHS with the UV-Vis and RRS methods. As shown in Table 3 , because most of the substances did not interfere with the assay at all, the methods may have practical use.
Determination of synthetic samples
Based on the results of the calibration curve and the interfering substances, three groups of synthetic samples were made for determination by the UV-Vis and RRS methods. The results are presented in Table 4 . It can be seen that both of the assays are sensitive and reproducible.
Conclusion
This paper describes a study carried out on the interaction of MB with CHS using spectroscopic techniques, such as UV-Vis absorption, RRS and CD. The results show that via an electrostatic interaction MB aggregates on CHS, and that this satisfactory for the assay of synthetic samples.
